Purpose This study was conducted to examine the dynamic distribution of polo-like 1 kinase (Plk1) and the possible role it plays in first mitotic division during early porcine embryo development. Methods Indirect immunofluorescence and confocal microscopy imaging techniques combined with western blot analyses were used to study the dynamic expression and subcellular localization of Plk1 protein in pig parthenogenetic embryos. Finally, a selective Plk1 inhibitor, GSK461364, was used to evaluate the potential role of Plk1 during this special stage.
Introduction
Polo-like 1 kinase (Plk1), an important member of the family of serine/threonine protein kinases, has been related to various mitotic functions in the regulation of multiple processes in mitosis [1, 2] . The multifunctionality of Plk1 is coupled with its dynamic subcellular localization during mitotic division [3, 4] . Plk1, primarily located in the centrosome and kinetochore during prophase, shifts to the spindle intermediate region in meta-anaphase and then concentrates at the equatorial plate during cytokinesis [5, 6] . Plk1 consists of an N-terminal kinase domain and a phosphorylation sequence of the C-terminal Polo box domain (PBD) [7, 8] . It is mainly located in different subcellular structures based on the PBD and phosphorylation of Thr 210 [1, 5] . It is involved in the regulation of Mps1, Bub3, Mad1, and other proteins [9] . In human somatic cells, inhibited Plk1 leads to multiple mitotic defects, including the formation of abnormal spindles, misaligned chromosomes and i mproper chromosom e condensation [10] . Additionally, up-or downregulation of Plk1 can induce a variety of human tumor cells or mouse embryonic cell mitotic defects, causing aneuploidy or cancer [11] [12] [13] . This study shows that Plk1 might play a critical role in the process of bipolar spindle assembly and chromosome arrangement during mitosis in somatic cells.
Mammalian early embryo development mechanisms have attracted increasing attention in research worldwide. It is arguably the most important field in developmental biology, especially the exact mechanism of transition from 1-cell to 2-cell stages. In mammalian early embryo development, the conversion from 1-cell to 2-cell stages and the successful completion of first mitotic division are essential for embryo development [1] . However, data on failure of embryos to successfully finish their first cleavage in vitro are very limited. During the first mitotic division, successful chromosome separation and cytokinesis requires multiple spatial biological events, such as accurate bipolar spindle assembly and correct chromosome arrangement [14] ; the failure of any of these processes can lead to developmental defects in early embryo development.
Plk1, as a characteristic regulator in mitosis, is mainly concentrated in the somatic or tumor cell models; however, the regulation of Plk1 in embryonic mitosis is not fully understood. Baran et al. found that Plk1-inhibited mouse embryos were arrested at the first metaphase and displayed aberrant chromosome arrangement in the metaphase plate and corrupt mitotic spindles. Plk1 homozygous null mice were embryonically lethal. Also, early depleted-Plk1 embryos failed to survive after the 8-cell stage [13] . In the present study, indirect immunofluorescence combined with western blot analyses were used to study the dynamic distribution and subcellular localization of the Plk1 protein. The specific inhibitor GSK461364 was used to examine the possible role of Plk1 in porcine embryo undergoing mitosis. We found that Plk1 expression exhibited specific dynamic intracellular localization pattern, which was associated with the distribution of α-tubulin. Plk1 inhibition by GSK461364 affected the mitotic division of embryos, resulting in most embryos being arrested in the prometaphase stage with abnormal spindles and misarranged chromosomes. These findings suggest that Plk1 may played an indispensable role in first mitotic division through the regulation of spindle assembly and chromosome arrangement during the prometaphase stage in porcine embryo development.
Materials and methods

Antibodies and chemicals
Mouse monoclonal anti-Plk1 was purchased from Abcam (Cambridge, UK), GSK641364 inhibitor from Selleck Chemicals, and anti-GAPDH mouse polyclonal antibody from Yi Feixue (Nanjing, China). All other chemicals and reagents used in this study were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Oocyte collection and in vitro cultures
Porcine ovaries were collected from the Yuan Run (Nanjing) slaughterhouse, stored in sterile saline, and sent to the laboratory within 1 h. The cumulus oocyte complexes (COCs) were aspirated from follicles with 3-6-mm diameters; homogeneous COCs were selected for further development and transferred to TCM199 medium (Gibco BRL, Gaithersburg, MD, USA). Oocytes were then cultured at 38.5°C in a 5% CO 2 incubator for maturation [15] .
Activation of porcine oocytes and in vitro cultures
After in vitro maturation for 44 h, 0.1% hyaluronidase was used to remove cumulus cells surrounding the oocytes. The oocytes with uniform ooplasms, intact cytoplasmic membranes, and visible first polar body in the perivitelline space were considered to have reached the second meiotic metaphase (MII) stage. MII oocytes were equilibrated in activation medium (0.3 M mannitol, 1 mM CaCl 2 , 0.1 mM MgCl 2 , and 0.1% bovine serum albumin, BSA) [15] for 3 min and activated with a single direct current (DC) pulse of 1.5 kV/cm for 80 μs using CRY-3 electric stimulation (Ningbo Xinzhi Co., Ltd., Ningbo, China). Activated oocytes were washed three times and moved to porcine zygote medium 3 (PZM-3) for embryo culture in vitro. According to the experimental design, 50 embryos of mitotic prophase, prometaphase, meta-anaphase, and telophase were collected for subsequent indirect immunofluorescent analysis.
Immunofluorescence staining and confocal microscopy
Collected samples were fixed in 4% paraformaldehyde in phosphate buffered solution (PBS) for 30 min at room temperature and then moved to 1% Triton X-100 at 37°C for 8 h. Embryos were later placed into 1% BSA for 1 h and incubated overnight at 4°C with a mouse monoclonal anti-Plk1 antibody (1:100) or anti-α-tubulin-FITC antibody (1:200), then washed three times in PBS containing 0.1% Tween 20. The embryos were then incubated with a Cy3-labeled goat antimouse IgG (H + L) (Beyotime) (1:100) at room temperature for 1 h. After washing three times, embryos were transferred to microfilament dye (phalloidin-TRITC) (1:200) at room temperature for 40 min. Finally, cells were stained with Hoechst 33342 for 10 min and mounted on slides for confocal laser scanning microscopy imaging (Zeiss LSM700 meta, Oberkochen, Germany).
Western blot analyses
One hundred embryos in prophase, prometaphase, meta-anaphase, and telophase were collected and transferred into 12 μL mercaptoethanol with SDS sample buffer. They were then placed in boiling water for 10 min to dissociate. After cooling, the samples were centrifuged and separated by 10% SDS-PAGE electrophoresis. Then, embryos were shifted onto a polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA) and shaken in blocked liquid with 5% skim milk or BSA in Tris-buffered saline Tween 20 (TBST) at room temperature for 2 h. Membranes were incubated with mouse monoclonal anti-Plk1 (1:500) or mouse polyclonal anti-GAPDH antibody (1:3000) at 4°C overnight. After washing three times in TBST, membranes were incubated with goat anti-mouse IgG (1:3000; Bioworld Technology, Nanjing, China) at room temperature for 2 h. The membranes were washed, and chemiluminescence reagent (1:1; Millipore, Billerica, MA) was used to soak them for visualization. Finally, the protein level was assessed by the ratio of protein and strategists (Plk1/GAPDH).
Treatment with the inhibitor GSK461364
The Plk1-selective inhibitor GSK461364 was prepared in stock solution of 5 mM DMSO and kept at -20°C. To explore the effect of Plk1 inhibition on first mitotic division, the activated embryos were divided into four groups randomly (at least 50 embryos per group) and then placed into PZM-3 medium containing 0, 50, 100, or 200 nM GSK461364. After 48 h, cleaved embryos were examined under a stereomicroscope, and indirect immunofluorescence staining was used to observe and analyze the effects of Plk1inhibition on the subcellular structure of the cell skeleton.
Statistical analysis
Experiments were repeated at least three times. Most of the results were analyzed using one-way ANOVA followed by Duncan's multiple comparisons test with GraphPad Prism 5 software; the Plk1 protein level was compared using Quantity One software. The results are given as means ± SEM. P <0.05 was seen as significant.
Results
Dynamic distribution of cytoskeleton
To explore the expression and regulation of Plk1 in porcine embryos during the first mitotic division, we systematically examined the dynamic distribution of cytoskeleton at different mitotic stages of the porcine embryo using immunofluorescent staining techniques. As shown in Fig. 1 , microtubules demonstrated a relatively uniform distribution throughout the cytoplasm and Fig. 1 Dynamic distribution of the cytoskeleton during the first mitosis in early porcine embryos. Samples were taken at prophase, prometaphase, meta-anaphase, and telophase. Microtubules had no obvious concentration, and the nuclear membrane maintained integrity at the prophase stage. α-Tubulin gathered to form a network structure, and chromatins became condensed and formed chromosome at the prometaphase. α-Tubulin was organized in a bipolar, symmetrical, barrel-shaped structure in the central region, and chromosomes were arranged on the equatorial plate at metaphase. At anaphase, sister chromatids were moved to two polar sites. Microfilaments were concentrated in the cytoplasm before telophase. α-Tubulin was concentrated in the cleavage furrow, chromosomes were shaped into two new nuclei, and microfilaments beneath the cleavage furrow at telophase. Green, microtubules (α-tubulin); red, microfilaments; blue, chromosomes. Scale bar, 10 μm nuclei with one to two nucleoli were at the central part of the embryo at prophase. However, microtubules were c o n d e n s e d a r o u n d t h e m i t o t i c s p i n d l e o f t h e prometaphase, α-tubulin gradually gathered to form a network structure, and the nuclear envelope broke down. Chromatin content has become condensed and formed thick chromosomal structures. In metaphase, α-tubulin was observed as organized mitotic bipolar spindles that were symmetrical and barrel in shape and localized in the central region. Chromosomes were arranged on the equatorial plate as usual, followed by spindle traction. In anaphase, microtubules were observed around the chromosomal sets which were in the two polar regions. Although microfilaments were frequently located outside the chromosome-rich domain, they concentrated at the cortical cytoplasmic region before telophase. At telophase, α-tubulin was assembled as a midbody in the cleavage furrow and the chromosomes decondensed to form two new nuclei with two daughter cells containing microfilaments beneath the cell membrane and in the cleavage furrow. These results indicated that the dynamic and spatial distributions of microtubules and microfilaments are closely related to first mitotic division progression in porcine embryos.
Dynamic expression and subcellular localization of Plk1
Based on the detection of the dynamic cytoskeleton distribution, we examined the expression of Plk1 at different stages of the first mitotic cycle using western blots. From Fig. 2a, Plk1 was expressed at different stages in porcine embryos, and the Plk1 protein showed a significantly higher level in prometaphase and meta-anaphase compared to that of telophase (P < 0.05), which indicated that Plk1 may play an important role in these two stages. The subcellular localization of Plk1 was explored at different mitotic stages using immunofluorescence staining. As shown in Fig. 2b , Plk1 was found scattered throughout the cytoplasm, with no obvious enrichment in the prophase stage. After prometaphase, Plk1 was associated significantly with the spindles. In metaphase, Plk1 was concentrated at the central region and symmetrically distributed around the chromosome, with similar subcellular localization as in the spindles. When embryos progressed to anaphase, Plk1 was moved to the polar Fig. 2 Expression and subcellular localization of Plk1 in porcine embryos undergoing the first mitotic division. a Expression of Plk1 was examined using western blot analysis. Plk1 was expressed in porcine embryos during the first mitotic division, and a significantly higher Plk1 protein level was detected in prometaphase compared to telophase; *P < 0.05. b Subcellular localization of Plk1 in porcine embryos using immunofluorescent staining. Plk1 expression demonstrated no obvious enrichment in the prophase stage, but it appeared to accumulate at the chromosomes in prometaphase. After prometaphase, Plk1 was concentrated in the spindle region. Red, Plk1; green, spindle; blue, chromosome. Scale bar, 10 μm sites, which followed by the sister chromatids. Plk1 and α-tubulin accumulated at the midbody in telophase. The above results showed that in the expression and subcellular localization processes, Plk1 had obvious periodic characteristics that closely correlated to the distribution of α-tubulin. This expression and localization pattern indicated that possibly Plk1 may be involved in regulating spindle assembling processes during the first mitotic division in porcine embryos.
GSK461364 treatment inhibits the first mitotic division of porcine embryos
To further study the roles of Plk1 during the first mitotic division, embryos were treated with a Plk1 specific inhibitor, GSK461364, for 48 h to inhibit Plk1 activity, and the cleavage of embryos were examined under a stereomicroscope. As shown in Fig. 3a , compared with the control, a significantly large proportion of the treated embryos failed to complete the first cleavage, and the cleavage rates decreased in a dosedependent manner in the treatment groups (Fig. 3b) . After 48 h in culture, the cleavage rate in the control group was 86.52 ± 0.96% (n = 110), while that of the treated groups (50 or 100 nM GSK461364) was 64.31 ± 4.39% (n = 109, P < 0.05) and 26.85 ± 3.78% (n = 108, P < 0.001), respectively. The results showed that Plk1 inhibition can lead to a failure of embryonic cleavage, which suggested that Plk1 may play a critical role during the first mitotic division in porcine embryos.
GSK461364 treatment disrupts the cell cycle during the first mitotic progression
To analyze the reason why porcine embryos failed to complete the first cleavage after Plk1 inhibition and clarify the regulative role of Plk1, which may be involved in any events during the first mitosis in porcine embryos, proportions of porcine embryos at different mitotic stages were stuck after inhibiting Plk1 activity. From Fig. 4a , after culturing for 48 h with GSK461364, most control embryos finished the first cleavage and reached the cytokinesis stage, whereas most inhibitor-treated embryos were arrested at the prometaphase stage. In Fig. 4b , the percentage of embryos that reached the cytokinesis stage reduced rapidly after treatment with 50 or 100 nM GSK461364: 88.14 ± 1.23%, n = 92 vs. 75.75 ± 2.92%, n = 95 and 24.71 ± 0.59%, n = 100, respectively. This comparison was made with the control. The percentage of embryos that remained in the prometaphase stage obviously increased when treated with 50 and 100 nM GSK461364: 4.15 ± 1.30%, n = 92 vs. 14.80 ± 2.12%, n = 95 and 55.99 ± 2.68%, n = 100, respectively. The above results showed that Plk1 inhibition resulted in failure of embryonic mitotic progression and this blocked the cell cycle from progressing to the metaphase stage. This indicates that Plk1 might be required for the first mitotic division of normal porcine embryo during the prometaphase stage.
Disrupting Plk1 activity results in abnormal spindles and chromosome misalignment during the prometaphase stage
To ascertain why Plk1-inhibited embryos are arrested at the mitotic prometaphase stage, the subcellular structure of the cytoskeleton was examined from the prometaphase to metaphase stages. Immunofluorescence staining was used to analyze the variation in spindle and chromosome structures after treatment with 100 nM of GSK461364, and observations were made through a confocal Fig. 3 Effect of GSK461364 treatment on the cleavage of porcine embryo. a After in vitro culture for 48 h, most of the control embryos had finished the first cleavage, and embryos failed to complete the first cleavage after treatment with GSK461364. Scale bar, 20 μm. b GSK461364 treatment decreased the cleavage rate for embryos in a concentration-dependent manner. The cleavage rate was significantly reduced after the 50 and 100 nM of GSK461364 treatments. *P < 0.05, **P < 0.01, ***P < 0.001 microscope. In Fig. 5a , most of the microtubules were condensed around the mitotic spindle of the prometaphase and spindle showed a typical network structure in the control group. Chromosomes formed masses and exhibited regular arrangement; however, a large proportion of the inhibited embryos showed severe spindle morphology disruptions and chromosome misalignments. They exhibited irregular arrangements of the spindles, even without the a p p e a r a n c e o f a s p i n d l e p h e n o m e n o n , a n d t h e chromosomes were randomly scattered in the cytoplasm. In Fig. 5b , the percentage of GSK461364-treated embryos with aberrant spindles (49.26 ± 3.94%, n = 122 for the control vs. 12.27 ± 0.83%, n = 100, P < 0.01) and misaligned chromosomes (31.05 ± 1.13%, n = 100, n = 122 for the control vs. 10.65 ± 0.08%, P < 0.01) were significantly increased compared to that of the control group. The above results showed that embryos without Plk1 activity had aberrant spindle assembly and chromosome arrangement as Fig. 5 Effect of GSK461364 on the morphology of spindles and chromosomes in early porcine embryonic cells. a GSK461364 treatment lead to aberrant spindles and misaligned chromosomes in porcine embryos. b The percentage of Plk1-inhibited embryos with aberrant spindles and misaligned chromosomes was obviously increased compared to the control embryos. Green, spindle; blue, chromosome. Scale bar, 5 μm. **P < 0.01 Fig. 4 Effect of GSK461364 on cell cycle progression during the first mitosis in porcine embryos. a Immunofluorescent images were used in porcine embryo cultured with or without GSK461364. After in vitro culture for 48 h, most of the control embryos reached the cytokinesis stage, while the majority of Plk1-inhibited embryos were arrested at the prometaphase stage. Blue, chromosome. Scale bar, 25 μm. b The proportion of embryos at different stages. Most embryos were arrested at the prometaphase stage after Plk1 inhibition. Compared to the control group, the percentage of Plk1-inhibited embryos that finished the first cleavage was sharply decreased, whereas the proportion of embryos which were arrested at the prometaphase stage was significantly increased. *P < 0.05, **P < 0.01, ***P < 0.001 well as disrupted embryonic mitotic progression from the prometaphase stage. These results suggested that Plk1 might be involved in the regulation of the first mitotic division in porcine embryos through spindle assembly and chromosome alignment in the prometaphase stage.
Discussion
Plk1 is a serine/threonine protein kinase that represents a mitotic target due to its important role in centrosome maturation [16] , bipolar spindle formation [17] , and other functions. Overexpression of Plk1 has been commonly detected in tumors. It is involved in regulating multiple biological events in cancer cell proliferation [14] . In recent years, Plk1 has been discovered to also play regulatory roles in germ cells and oocytes, such as mouse [18] , porcine [19] , and starfish [20] . The recent focus of research has been on some Bexperimental or model^animals, such as Drosophila melanogaster [21] , zebrafish [2] , and mice [1] . However, the detailed role of Plk1 in pig or other domestic animal embryos is not fully established yet.
In this study, we first examined the expression and subcellular localization of Plk1 in porcine embryos during the first cleavage. Previous studies have shown that Plk1 was distributed at the centromere during the prophase and prometaphase stages and then relocalized at spindles next to the equatorial plate in anaphase. It was also localized at the midbody in telophase in HeLa cells [7] . Haren et al. found that recruitment of γ-tubulin and AURKA (Aurora Kinase A) to the mitotic centrosome were Plk1 dependent before spindle formation in HeLa cells [22] . Petronczki et al. also found that Plk1 was localized to the centromere at the metaphase stage and involved in the stability of spindle assembly checkpoint (SAC)-dependent kinetochore-microtubule interactions. In telophase, Plk1 was concentrated at the middle area of the spindle from where it facilitated the sliding of microtubules. After chromosome separation, the Plk1 spindle was still concentrated in the midbody and was involved in the formation of cleavage furrow [23] . In a different study, Plk1 was accompanied by the expression of α-tubulin, after prometaphase, which indicated that Plk1 may be involved in spindle-related processes during mitosis of porcine embryos. These studies showed that Plk1 exhibited periodic and dynamic subcellular localization and played a conserved role in the regulation of spindle formation during the first mitosis in early embryos. The protein level of Plk1 fluctuated in a cell-cycledependent manner in mouse cells cultured in vitro, increasing at the S and G2/M phases, and swiftly diminished at the end of mitosis [24] . Our report also showed that expression of Plk1 gradually increased from prophase to meta-anaphase and reached its maximum at the prometaphase stage before it decreased in telophase of the first cleavage. These data are consistent with previous studies which indicated that Plk1 was differentially expressed at various stages and play a critical role in prometaphase stage.
To explore the specific role of Plk1 in porcine embryos undergoing first mitotic division, a highly selective inhibitor of Plk1, GSK461364, was used. Gilmartin et al. found that GSK461364 caused lung carcinoma cells to arrest at prometaphase, and at lower concentrations, mitotic cells exhibited abnormal spindles and chromatins that could not be arranged on the equatorial plate. At higher concentrations, a monopolar spindle was formed and the chromatin decondensed around the monopolar spindle [25] . Another study reported that null-Plk1 led to the activation of SAC which was arrested at the prometaphase stage, thus showing developmental defects in zebrafish embryonic cells [2] . In line with previous studies, our results showed that majority of treated embryos failed to complete the first cleavage and were arrested at the prometaphase stage, which demonstrated a failure of mitotic division in porcine embryos. These findings indicated that Plk1 is one of the essential regulatory factors during the first mitotic division in embryo development, especially in the prometaphase stage.
In addition, we studied the mechanism by which Plk1 inhibition affected pig embryo development during the first mitotic division, with most embryos arrested at the prometaphase stage. The transition from mitotic prometaphase to metaphase includes the breakdown of the nuclear envelope, arrangement of chromosomes at the equatorial plate, and the subsequent movement to the two polar sites. During prometaphase, chromosomes were interspersed in the spindle, and after chromosome condensation, normally, two centromere-driven chromosomes wait for arrangement in the equatorial plate [26] . During this process, dynamic chromosomal and spindle events are required for the successful transition through metaphase, such as proper chromosome alignment and correct bipolar spindle assembly. Consistent with the function of Plk1 in human somatic cells mitosis, Plk1-inhibited cells demonstrated abnormal spindle formation, eventually leading to the failure of cell mitosis [23] . Studies have shown that Drosophila Polo mutants exhibited highly condensed chromosomes, monopolar spindles, spindle disassembly, and abnormal chromosome segregation [27] . Another study indicated that a Plk1 gene mutant in yeast caused mitotic arrest due to chromosome misalignment and aberrant bipolar spindle formation [2] . This showed that the observed phenotype has aberrant spindle formation and abnormal chromosome alignment during this process. Our study found that inhibition of Plk1 induced misaligned chromosomes and aberrant spindle morphology in porcine embryonic cells, which exhibited monopolar or ring-shaped spindles, and ring-shaped or dispersive chromosomes. These defects may be due to the recently discovered role of PLK1 in MCAK stability [28] . Baran et al. concluded that PLK1 activity is not required for spindle bipolarization in mouse zygote but facilitates spindle formation partly by promoting γ-tubulin loading to microtubule-organizing centers (MTOCs) [26] . We also have shown that spindle formation is disturbed (Fig.5a, b) in pig embryos and then caused the failure of spindle bipolarization. These results suggest that Plk1 may facilitate the onset of spindle formation. According to a recent report, LRRK1 regulates mitotic spindle orientation downstream of PLK1 through CDK5RAP2-dependent centrosome maturation [29] . This report showed that Plk1 may control the onset of spindle formation through regulating phosphorylation of LRRK1. Taken together, these studies show that Plk1 might play an indispensable role in the regulation of accurate spindle assembly and chromosome arrangement during the first mitotic division. Further studies are required to determine how Plk1 can regulate the onset of spindle formation during the first mitotic division in pig embryos.
In conclusion, the results of this study indicate that Plk1 is indispensable for first mitotic division of porcine embryos. The regulation of Plk1 is associated with spindle assembly and chromosome arrangement during the prometaphase stage of the first mitosis in pig embryo.
